A Paraconiothyrium sp. WL-2 of Mn-oxidizing fungus is highly tolerant to Mn 2þ ions, and capable of oxidizing more than 380 mg dm
Introduction
Manganese (Mn) is the second most abundant transition metal in the earth's crust where it exists at about 1 g kg À1 and with several oxidation states.
1) The II, III and IV oxidation states of Mn are environmentally important in soils and waters. Manganese(II) ions are mobile under pH values from 6 to 9 in natural water, whereas most transition metal ions are immobilized as hydroxides and oxyhydroxides in a wide pH region from neutral to alkaline. Manganese(II) oxidation in natural water system is thermodynamically favorable but often proceeds at very slow rates in the absence of microorganisms. 2) Microorganisms can accelerate the rate of Mn 2þ oxidation by up to five orders of magnitude compared to abiotic Mn 2þ oxidation, 3, 4) therefore, the role of Mn-oxidizing microoganisms is regarded to be important in controlling not only Mn cycles but also trace metals and metalloids which are sorbed in soil and water system. 5) Biogenic Mn oxides are known to participate in a wide variety of redox and sorption reactions with metals and metalloides. 6, 7) Selective dissolution techniques have provided the understanding the trace elements associated with Mn oxides. 8) Additionally, X-ray absorption near-edge structure (XANES) and extended X-ray absorption fine structure (EXAFS) spectroscopy have contributed to find that there is a variety of sorption mechanism to Mn oxides depending on elements. 9) For example, Pb 2þ ions are sorbed to Mn oxides by doublet edge sharing and triplet corner sharing coodination without oxidation, wheras Ce(III) is oxidized to Ce(IV) to be immbilized in marine ferroomanganese oxides. 10) Cobalt accumulates in soils with high abundances of manganese, and is one of the elements most strongly concentrated in manganese oxides. [11] [12] [13] Previously we reported that a new Mn-oxidizing fungus was isolated from a constructed wetland in Hokkaido and identified to be closely related to the Paraconiothyrium sp.-like strain. 14) The strain is unique to have high Mn tolerance and oxidize more than 380 mg dm À3 of Mn 2þ ions. 15) In the present work, the biogenic Mn oxide was produced by the strain of fungus, and characterized chemically, morphologically and mineralogically. Sorption of Co 2þ ions to the biogenic Mn oxide was investigated and compared with that of the synthetic Mn oxides.
Experimental

Microorganism and the formation of the biogenic
Mn oxides The Mn-oxidizing fungus, a Paraconiothyrium sp. WL2, was isolated from a constructed wetland, Kaminokuni Hokkaido, Japan. The fungus was identified morphometrically and genetically using analysis of the sequence in the ITS1-5.8 S rRNA-ITS 2 genes.
14) The growth medium was prepared by modification of the medium for Mn-oxidizing bacteria, Leptothrix discophora, but organic nourishments were used at much reduced concentrations as follows: MgSO 4 Á7H 2 O 0.6 g, CaCl 2 Á2H 2 O 0.07 g, peptone 0.05 g, yeast extract 0.05 g (PY medium), PIPES (piperazine-N,N 0 -bis(2-ethane sulfonic acid)) 4.53 g per 1 dm
3 of distilled water. The initial pH was adjusted to 6.6 with 1 mol dm
À3
NaOH. The optimization of the medium composition for the fungal Mn oxidation was described in details elsewhere. 15) A 500 cm 3 Erlenmeyer flask was filled with 150-200 cm 3 of the medium. The concentration of Mn 2þ was adjusted to [Mn 2þ ] = 150 mg dm À3 . Finally, 0.5 mg (wet weight) of the strain was inoculated into the medium. The flask was installed in a rotary shaking culture-apparatus TS (Takasugi Kagaku) and the cultures were incubated at 25 AE 2 C and 100 rpm within 2 weeks under light shielding.
After the fungal Mn 2þ oxidation was completed, the precipitates were collected by filtration with a 5 mm pore size membrane filter, and rinsed with distilled water to remove the adsorbed organic matters and any heavy metal and major ions on the surface of the biogenic Mn oxide. 
Characterization of the biogenic Mn oxides
The biogenic and synthetic Mn oxides were characterized by X-ray diffraction (XRD), Fourier transformed infrared (FTIR) spectroscopy, scanning electron microscopic observation (SEM), and measurement of specific surface area. XRD measurements for the biogenic and the synthetic Mn oxides were carried out with an XRD Multi Flex (Rigaku, Japan) using CuK radiation at 20 mA and 40 kV. The FTIR spectra for biogenic and synthetic Mn oxides were collected in a region of 4000 cm À1 to 400 cm À1 with a JASCO FT/IR 670 plus using diffusion reflectance infrared Fourier transformed method (DRIFT) after 5.0(w/w)% dilution in KBr powder. The morphologies of the biogenic and synthetic Mn oxides were observed using a SS-550 SEM (Shimadzu, Japan) at an acceleration voltage of 15 kV after evaporating a thin platinum/gold layer on the samples. The specific surface area was determined by the seven-point N 2 -adsorption BET method, and the pore-distribution was also determined by the BJH method using a BELLSORP-mini (BELL Inc., Japan). The zeta potentials were measured for the biogenic and synthethic Mn oxides by a Zeecom ZE-2000 under [KNO 3 ] = 1 mmol dm À3 . Elemental compositions in the biogenic and synthetic Mn oxides were determined for Mn by an ICP-AES and for the involved alkaline and alkaline earth metals by a Thermo SOLAA atomic adsorption spectrometry (AAS) after decomposition in 6 molÁdm
À3
HCl. Additionally both were extracted in 50 mmol dm
CuSO 4 for 12 h at 25 C to evaluate the contents of weakly bounded Mn(II) species. For the biogenic Mn oxide, organic fractions were estimated by weight differences after combusion at 500 C. solution buffered using PIPES was 6.5. The flasks were installed on a reciprocal shaker at 25 C and 100 rpm for 100$300 h. At intervals, the supernatants were sampled and filtered by a 0.2 mm membrane filter for determination of the residual Co 2þ and released Mn 2þ concentrations in the solution using an atomic absorption spectrometry and induced coupled plasma mass spectrometry (ICP-MS, Agilent 7500c). The detection limits in AAS and ICP-MS are 1.4 mg dm À3 and 0.06 mg dm À3 for Mn, and 6.0 mg dm À3 and 0.01 mg dm À3 for Co. Finally, the precipitates were collected by filtration using a membrane filter of 5.0 mm pore size, thoroughly air-dried for one week at 4 C. To investigate the chemical states of Mn and Co in the precipitates, XP-spectra for the biogenic Mn oxide after and before Co sorption were collected by an AXIS 165 (Shimadzu, Japan). After evacuating to less than 10 À7 Torr for more than 60 min, the sample was transferred into an analyzer chamber at less than 10 À10 Torr, and then irradiated with monochromized Al K X ray (15 kV, 7 mA) using a neutrilizer. The binding energy, E B , was calibrated with E B [C 1s] = 284.5 eV. Data were analyzed with CASAXPS software. Backgrounds were drawn using the Shirley method. The obtained spectra were curve-fitted using GaussianLorentzian mixed functions. Figure 1 shows the XRD patterns of the biogenic and synthetic Mn oxides. The XRD pattern of the biogenic Mn oxide ( Fig. 1(a) can be tentatively assigned to 212 of birnessite in Fig. 1(a) . Although these assignments might not be definite, the biogenic Mn oxide contains birnnesite primarily, and the chemical forms of Mn in the biogenic Mn oxide is thought to be Mn(III) and Mn(IV) which were formed by fungal Mn-oxidation. It is reported that the fungal oxidation of Mn produces Mn(III) directly by enzymatic reaction, but not Mn(IV). Instead, Mn(IV) is formed by disproportionation of Mn(III). 16) If the disproportionation is not complete, Mn(III)-species are also involved in the biogenic precipitates. In contrast, the XRD pattern for the synthetic Mn oxide has a low-noise background and four distinctive peaks at 2 ¼ 22 , 37 , 42 and 56 as shown in Fig. 1(b) . Respectively, these peaks are assigned to 110, 021, 121, and 240 of ramsdellite (-MnO 2 , JCPDS 7-222). It is reasonable that the crystalline phase of the synthetic Mn oxide consists of ramsdellite.
Sorption of Co
Results and Discussion
Characterization of the biogenic Mn oxides
The Mn contents were determined to be 39.2 (w/w)% and 54.1 (w/w)% in the biogenic and synthetic Mn oxides, including 7.4 and 0.75% of Cu-exchangeable Mn(II), which is named as weakly bounded Mn(II). The biogenic Mn oxides includes around 20% of organic matters (Fig. 2) . According to trace elemental analysis of the biogenic Mn oxides, it was found that 0.48 (w/w)% K was involved and Ca and Mg were not detected. Probably H þ and Mn 2þ would compensate the charge balance in the structure.
As shown in Fig. 3 , FT-IR spectrum for the biogenic Mn oxides showed a distinct peak at 520 cm À1 corresponding to Mn-O stretching vibration mode in Mn oxides, 17) which can be observed also in the synthetic Mn oxides. Additionally, there are relatively small peaks from the fungal tissues: two peaks at 1072 cm À1 and 1402 cm À1 corresponding to stretching vibration mode of oxyanion like sulfonic groups, a peak at 1650 cm À1 corresponding to C=O stretching vibration mode of carboxylic group, a peak at 2926 cm À1 corresponding to C-H stretching vibration mode of methylamine groups, and a broad peak around 3400 cm À1 corresponding to O-H stretching vibration mode of water molecules. FT-IR data supports that the biogenic Mn oxides involves fragments in proteins and polysaccharides from the fungal tissues, which might participate in sorption of positive and negative charged trace elements in environments. Figure 4 (a) shows SEM image of the biogenic Mn oxides, which looks like the aggregated framboidal and porous particles with several micrometers in diameter, and has the mark of hyphae in the fungal organs, something like a broken tube around the center. The size and shape of the biogenic Mn oxide particles were not uniform. On the other hand, the morphology of the synthetic Mn oxide particles is mostly uniformed spheres with 1-1.5 mm in diameter as shown in Fig. 4(b) . These SEM observations showed that the morphology of the biogenic and synthetic Mn oxides is significantly different each other.
The specific surface area of the biogenic Mn oxide was determined to be 81.4 m 2 g À1 , which is much larger than the 11.3 m 2 g À1 surface area of the synthetic one. Although the biogenic Mn oxide is actually a mixture of inorganic Mn deposits and lyophilized fungal tissues, the specific surface area of fungal substances was observed to be 4.3 m 2 g À1 , indicating the minimal contribution of fungal substances to the surface areas of the biogenic Mn oxide.
18) Figure 5 shows distributions of pore size in the biogenic and the synthetic Mn oxides. The biogenic Mn oxide has uniformly nanometersized structure, with pores predominantly around 4 nm diameter, whereas the synthetic Mn oxide has a less distinctive trend in pore distribution. The higher density of fine pores in the biogenic Mn oxide gives it a larger specific surface than that of the synthetic Mn oxide.
The zeta potentials for the biogenic and synthetic Mn oxides were measured at different pHs as shown in Fig. 6 . The zero points of charge were 2.7-2.8 for both. There is a number of the previously reported data of ZPC for Mn oxides with a wide range from 1.5 to 7.7 determined using titration and electrophoresis, [19] [20] [21] [22] [23] [24] probably depending on the preparation and high surface reactivity. 
Sorption of Co(II) to the biogenic Mn oxides
There was a large difference in Co-sorption behaviour between the biogenic and synthetic Mn oxides. Figure 7 shows the time cources in residual Co 2þ concentrations during Co-sorption at 25 C in duplicate. No sorption of Co 2þ on the fungus without biogenic Mn oxide was observed. This is consistent with the results concluded by Toner et al. 25) in which biogenic functional groups present in the biofilm did not intervene in metal sorption by the biogenic Mn oxide. With the biogenic Mn oxide, the Co concentration dramatically decreased to less than 0.13 mmol dm À3 within 24 h, and it took more than 100 h to reach the equibrium concentratin which was 0.09 mmol dm À3 (Fig. 7(a) ). On the contrary, the synthetic Mn oxide decreased Co concentration to the equibrium value within less than 24 h, which was around 0.15 mmol dm À3 (Fig. 7(b) ). Based on the Mn contents in Fig. 2 26) indicating the octahedral vacant sites are responsible to Co-sorption in the biogenic Mn oxide. Thus the Co-sorption efficiency of the biogenic Mn oxide is 5.6 times higher than that of the synthetic Mn oxide. When Co 2þ sorption equilibrium on the biogenic and synthetic Mn oxides were achieved, the final pHs of the solution were 6.3 and 6.4, respectively. In these pHs the surface charge of Mn oxide is still negative, and sorption of Co 2þ ions is favourable on Mn oxides. The biogenic Mn oxide has much larger capacity for Co 2þ sorption than does the synthetic Mn oxide. During Co 2þ sorption on the biogenic Mn oxide, release of Mn 2þ was observed with closed symbols in Fig. 8(a) . Since Mn 2þ release was also observed in the absence of Co 2þ ion, Mn 2þ release is not always caused by interaction of Co 2þ with the biogenic Mn oxide. However, in the presence of Co 2þ ions the excessive release of Mn 2þ was observed compared with those from the biogenic Mn oxides in the absence of Co 2þ . On the contrary, in the synthetic Mn oxide, the difference was negligibly small as shown in Fig. 8(b) , and the amounts of released Mn were much smaller than in the biogenic Mn oxide. Since the biogenic Mn oxide is poorly crystalline and rich in nanosized fine pores, a part of Mn ions are loosely involved in the structure (Fig. 2) sometimes to compensate the charge balance, therefore, diffused to the aqueous phase during the shaking, independent of the existence of competively adsorptive species as shown with open symbols in Fig. 8(a) . XP-spectra of Mn 3s and Co 2p regions for the biogenic and synthetic Mn oxides after Co-sorption are shown in Figs. 9 and 10. In Fig. 9(a), (b) , the binding energies of Mn 3s, E B [Mn 3s], are 84.4 eV and 84.0 eV, and the splitting between the Mn 3s peak and the satellite peak are 4.8 eV and 4.6 eV for the biogenic and synthetic Mn oxides respectively, suggesting the predominant existence of Mn(IV) in both oxides. 27) Recent applications of high resolution electron microscopy, time-flight neutron diffraction and synchrotronbased X-ray spectroscopy have led breakthroughs in characterization of the biogenic Mn mineralogy.
28) The splittings were mostly same before and after Co 2þ sorption (Fig. 9(c) ), but clearly different in MnSO 4 ( Fig. 9(d) ). In Fig. 10(a) , the Co 2p spectrum has a couple of peaks at E B [Co 2p 3=2 ] = 780.0 eV and E B [Co 2p 1=2 ] = 795.0 eV without satellites, indicating the existence of Co(III) on the surface of biogenic Mn oxides after sorption of Co 2þ . 29) In Co 2p spectrum for CoSO 4 , there is satellite peaks as shown with arrows in Fig. 10(d) . This is an evidence that redox reaction occurred between sorbed Co(II) and the biogenic Mn oxides.
The intensity of Co 2p was apparently much larger in the synthetic Mn oxide than in the biogenic one as shown in Fig. 10(a) and (b) . The signal at higher binding energies in the Mn 2s region overlapped the tailing of lower binding energies in Co 2p region. This interference by broad peaks of Mn 2s hinders precise determination of the peak intensity of Co 2p 3=2 . In the present work, the peak intensity of Co 2p 1=2 is used for the further analysis. Using the relative sensitivity factor of s Co2p =s Mn2p , which was determined to be 1.32 by measurements of MnSO 4 and CoSO 4 , the mole ratio of n Co =n Mn were evaluated to be 0.070 and 0.115 in the biogenic and synthetic Mn oxides after Co-sorption. It means that the coverage of Co on the Mn oxides was larger in the synthetic Mn oxide than in the biogenic Mn oxide, while the Co 2þ sorption efficiency was higher in the latter than in the former. The results are reasonable, since much more Co 2þ ions are considered to penetrate into fine and deep pores in the biogenic Mn oxide which has the larger specific surface area and much more fine pores as shown in Fig. 5 .
Apparently the process of Co-immobilization in Mn oxide requires electron transfer from Co(II) to Mn oxides. When Mn(IV) is a sole electron acceptor for Co(III) in the redox process, Mn(III) is generated to associate with the solid phase as shown in the following equations.
Based on Figs. 7 and 8, the relationship of released amounts of Mn 2þ ions through the redox reaction against removed amounts of Co 2þ ions was depicted in Fig. 11 . The values of vertical axis indicate the released amounts of Mn 2þ ions, excluding simply released Mn 2þ ions, that is, from the vertical difference between open and closed symbols in Fig. 8 . In case of the synthetic Mn oxide, the relation is mostly distributed on the horizontal axis indicating that Mn(IV) is a sole electron acceptor. On the contrary, the biogenic Mn oxides has a different trend in which the relation is distributed between solid and dashed lines. In Fig. 11 more likely electron sink for oxidation of Co 2þ preferentially over Mn(IV). This is consistent with the mechanism of Co(II) oxidation by phyllomanganate buserite with 1 nm interlayer spacing using power and polarized EXAFS spectroscopy by Manceau et al. 30) Extraction of the residual Mn oxides after Co-sorption in 50 mmol dm À3 CuSO 4 showed that around 14(w/w)% of exchangeable Co(II) is involved in biogenic and synthetic Mn oxides each. This suggests that sorption of Co 2þ to Mn oxides proceeds by two steps of adsorption and oxidation through the interlayer in the structure to support the high affinity. It can be expected that Mn(III) species in the biogenic Mn oxides play an important role to control the mobility of trace elements in redox reaction on the interface of aqueous/solid phases in environments.
Conclusions
The biogenic Mn oxide produced by a Paraconiothyrium sp. WL-2 was characterized to be highly porous with a narrow pore size distribution, having the maximum frequency of pore at 4 nm in diameter. The biogenic oxide is poorly crystalline, and has a specific surface area of 81.4 m 2 g À1 . Synthetic Mn oxides have a less distinct pore size distribution and much smaller specific surface area. The present experiments with the sorption of Co 2þ showed that the biogenic Mn oxide has high efficiency for the sorption of heavy metals and around five times higher capacity than the synthetic Mn oxide. This suggests that the biogenic Mn oxide might contribute to the scavenging of heavy metals in natural soils and waters, and that biofilms made using Mn-oxidizing fungi can be exploited for treatment of waste waters impacted by heavy metals. 
